The European Union implemented Ecodesign and Labelling Directives to support the market diffusion of energy efficient products. Accurate signals for consumers on energy efficiency (EE) are essential, as disinformation might lead to sub-optimal market allocations. Considering complex devices such as heat pumps (HPs), a conflict between simplicity of calculation on the one hand and accuracy on the other hand arises. For this reason, main differences on EE between real working conditions and test procedures carried out according to regulations are examined within this study: Firstly, the most important deviations between the test procedure and the current state of the art are presented. Secondly, their influence on the validity of HP labels is investigated using spreadsheet calculations and a MODELICA simulation model. The results indicate that the omission of important influence factors -such as local conditions and the applied control strategy -in the regulations leads to significant differences between reality and labelling. The band of uncertainty found within this study covers high deviations of + 80% to − 24% from the label value. Therefore, we provide several recommendations to mitigate these deviations and to optimize the information content of the label. Among these are the implementation of a higher spatial resolution of climate conditions, the consideration of higher insulation standards, and the inclusion of effects caused by price-driven controls of the HP unit.
Introduction
By ratifying the Paris Agreements on October 5th, 2016, the European Union (EU) and its contract partners committed themselves to limit global warming to 2°C in comparison to pre-industrial levels [27] . According to the International Energy Agency [46] , 40% of the necessary emission reductions can be achieved by increased EE. For this reason, Directive 2009/125/EG [33] with regards to eco-design and Directive 2010/30/EU [34] concerning labelling of energy-related products were initiated by the European Parliament among other regulations. These two directives are often referred to as "ErP-Directives" (i.e. energy related products).
The importance of the household sector for achieving the necessary reduction in CO 2 emissions is e.g. underlined by Blesl et al. [10] . Within this sector, the primary energy demand for space heating and warm water supply holds a share of 82% [15] . The EU implemented Regulations 811/2013-814/2013 [28] [29] [30] [31] in order to create incentives for consumers to buy efficient space and water heaters as well as for producers to design their products with a particular focus on EE. The first incentive is created by conveying information to the consumer via labels and the second one by implementing efficiency standards that must not be undercut (eco-standards).
When trying to calculate EE of heating devices in a simple and transparent way, a conflict between accuracy and simplicity arises. Especially for more complex heaters and heating systems, such as HP systems, an adequate compromise between these two requirements needs to be found. The problem of inaccurate labelling for complex energy systems is already known from Energy Performance Certificates for buildings, as shown by Cayre et al. [13] , Scheer and Motherway [66] , and Majcen et al. [55] . Furthermore, the importance of labels to demount information asymmetries and enable customers to make profound choices is an increasingly important topic in different fields of current research, as demonstrated by van Amstel et al. [3] , Shi [68] , Zhou and Bukenya [77] , and McFadden and Huffman [56] . Within these publications, it is stated that product labels can generate transparency in complex decision situations for non-specialists and thereby enable profound customers' choices. Moreover, Henkel [44] showed that EE is a significant decision criterion for customers of heating devices.
Therefore, the goal of this manuscript is to examine whether the current EU calculation method for EE of HPs is sufficiently accurate to inform consumers, or if simplifications and disregarded influences may lead to disinformation and result in market disturbances. The review of the labelling directive published by the European Commission [32] concluded that the benefits of the regulation outweigh its costs without assessing the validity of the applied calculation schemes. To the best knowledge of the authors, such an evaluation has not been conducted yet. Hence, this manuscript is intended to fill this research gap.
In order to study the accuracy of the calculation scheme, the following section provides a comparison between efficiency influences on HPs known in literature and the current labelling and eco-standard calculation method for air-source, geothermal and groundwater HPs. The Section 3 describes the two approaches of spreadsheet calculation and MODELICA [24] simulation applied within this study. Section 4 illustrates the results achieved with both methods. The subsequent Section 5 serves to discuss and contextualize them. Furthermore, recommendations for improved label accuracy are provided within this section. The Section 6 summarizes the results and provides a conclusion.
Description of the labelling method and comparison to state of the art
Before a review of current literature in the field of HP efficiency is presented, the spreadsheet calculation method used within the EU labelling procedure is described briefly. This serves as a starting point for the following analyses.
Regulations 811/2013-814/2013 focus on the efficiency assessment of both space and water heaters as well as of complex heating systems. Within the scope of this manuscript, water heaters and complex heating systems are excluded for reasons of simplicity. Therefore, the focus is on the assessment of single HP units and the more complex calculation method for combined heating systems is not presented in the following.
In order to determine the HP's efficiency, the standard calculation scheme utilizes spreadsheet calculations. For a more detailed insight into the described scheme, refer to publications by European Commission [29] , DIN [20, 21] . For air-source HPs, six measurement points according to the investigated temperature zone (average, warmer or colder) are defined. In addition to test conditions (A-D), measurements need to be conducted for the bivalent Point (BIV) and the operation limit temperature (TOL). The HP's coefficient of performance (COP) and its heat output are determined for each measurement point. As this COP reflects the HP's performance under full load conditions, a method to integrate part load behavior is applied. This is based on linear behavior for air-sink HPs and non-linear behavior for water-sink HPs:
part load j full load j
(1)
where the part load factor PL is calculated as the quotient of heat demand and heat output at full load and the degradation coefficient CD is set to 0.4 by default (air-sink) respectively 0.9 (water-sink).
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The heat load Qḣ is calculated for each outdoor temperature class T j based on a linear heat load curve and the nominal heat load Q Ṫ ( ) nominal design at design temperature T design which is set to − 10°C for average climate conditions.
For temperatures below the bivalent point, the HP's output is not sufficient to cover the heat demand. Therefore, an immersion heater is needed to cover the difference. The COP of the supplement heating device is set to 100% by definition. 2 The resulting COPs at part load and the HP's heat output are then inter-and extrapolated to cover all temperature classes [20, 21] . A calculation example for a non-modulating air-water HP is given in DIN EN 14825 ( [21] : p. 78) and shown in Table 1 . The TOL is set to − 10°C and BIV to − 6°C for the sample calculation. The HP's output temperature varies between 22°C and 35°C as floor heating is assumed ( [21] : p. 76).
For the case of geothermal and groundwater HPs, a spreadsheet as shown in Table 1 is used as well, but only a single measurement point is defined. Brine HPs are measured with a source temperature of 0°C and groundwater at 10°C for every temperature class.
For the overall efficiency determination, the ratio of total covered heat load Q heat total , (i.e. the HP's energy output, sum of column eight in the sample Table 1 ) and total electricity consumption W electric total , (i.e. the HP's energy input, sum of column nine in the sample Table 1 ) is calculated representing the average seasonal coefficient of performance during operation SCOP on . 
The next step in the standard calculation method is to expand the temporal system boundaries by including standing losses during non- design HE reflects the energy consumption during operation mode based on the standard operation time H HE and the HPs nominal output power P design . Finally, to calculate seasonal space heating EE on primary energy level η s,label , losses due to temperature control (F 1 = 3%) and losses caused by brine or water pumps (F 2 = 5%) are included in global discounts. Additionally, the average EU power plant efficiency of 40% is taken into account.
Then, η s,label is assigned to a label value (A+++ to G) according to predefined thresholds. If η s,label undercuts the eco-standard threshold, the rated product must not be traded within the EU.
After the brief description of the labelling procedure, the current state of knowledge regarding known influences on EE of HPs is presented in the following paragraphs and directly compared to the standard calculation scheme. The discussion is structured according to single efficiency influences. Literature sources are given in Table 2 for reasons of clarity. 
Control Strategy
Control Strategy: Global efficiency premiums for temperature control sensors, actual control strategy is omitted
Investigation of dual-price tariff based control method using MODELICA simulation model [36, 37, 47, 48, 52, 58, 67, 76, 9] soil temperature level and texture. These influence factors vary significantly among different locations. In contrast to the publications in this field, the calculation method used in the realization of the ErPDirectives is based on only one measurement point for geothermal and groundwater HPs neglecting the local conditions as well as the method of exploitation. For the assessment of air-source HPs, three different climate zones for Europe are defined. They are intended to represent the different climatic conditions. For this reason, Germany is covered by one climate zone, neglecting microclimatic differences.
Heat sink
On the heat sink level, efficiency is mainly influenced by the technologies used within the house. HP efficiency and heat sink temperature are inversely related. This can be explained by the Carnot efficiency curve of HPs. Within the EU labelling and eco-standard calculations, the temperature of the heat sink is accounted for by the definition of four different temperature levels. However, the interdependency between heat source temperature, heat sink temperature and EE is neglected. Therefore, it needs to be investigated within this study.
Insulation standard
Another effect known in literature is the influence of insulation on HP efficiency. The heating threshold (HT) is directly linked to the insulation standard: The higher the insulation standard, the lower the HT. For the labelling process, HT is set to 16°C without any link to the real insulation standard (see Eq. (3)). This makes a more detailed analyses of the HT's influence necessary.
HP sizing/bivalent point
In addition, the optimal sizing of the HP in relation to the building's heat demand is discussed contrarily in literature. When the HP's heat output is not sufficient to cover the heat load during the whole season, an additional heating device such as a boiler or immersion heater needs to be installed. This is called bivalent operation method. The interaction of HP sizing, control method and efficiency is investigated by many authors. Within the scope of the normative calculation methods, a test bivalent point is chosen by the tester and displayed in the calculation form. However, this test bivalent temperature does not necessarily accord to the one under real working conditions. For this reason, the impact of different bivalent points needs further investigation within this manuscript.
Part load behavior and controllability
The HP's part load behavior and its controllability represent further efficiency impacts discussed in literature. According to the current state of research, a linear part load curve describes the behavior for air-sink HPs in a suitable way and a non-linear curve needs to be applied for water-sink HPs. The controllability of the HP's output depends on the installed compressor. On-off controlled HPs cause cycle losses that diminish the EE. Both effects of part load behavior and cycle losses are included in the measurement procedure (see Eqs. (1) and (2)). Therefore, the efficiency influences within the system boundaries of the HP do not need any further investigation within the scope of this study.
Control strategy
Besides the cycle losses mentioned above, the impact of the HP's control strategy is a highly discussed topic within literature. The calculation method offers the possibility to include the existence of sensors into the efficiency assessment. However, the efficiency influences of control strategies are neglected within the scheme. There are six different groups of temperature control classes corresponding to efficiency premiums for different sensor types. These classes do not reflect power control strategies but only the method of room temperature control. Therefore, an analysis of control strategy needs to be conducted. Furthermore, the existence and size of a buffer storage used for the implementation of different control schemes is omitted within the calculation scheme and needs to be analysed, too.
Based on the literature review as presented above, we can draw the conclusion that many influences on EE of HPs are defined as external. Hence, they are neglected within the labelling procedure. This is based on narrow system boundaries applied for the labelling purpose. All effects that occur within the boundaries are included into the labelling procedure according to the state of the art. However, some of these external factors are known to have significant influence on the HP's performance. For this reason, these impacts are investigated within the following sections. Table 2 sums up the findings from above in a structured way and gives an overview of relevant publications.
Methodology
In order to analyze distortions resulting from the omission of influence factors, two different approaches were used. For the case of airsource HPs, the analysis is performed using spreadsheet calculations as defined by the EU label calculation scheme (see Section 2) . Based on the approach of a sensitivity analysis, all examinations were conducted ceteris paribus. The calculation example described in Table 1 serves as baseline for each calculation and single influence factors are included into the spreadsheet calculation scheme.
As the factors influencing EE of geothermal and groundwater HPs cannot be investigated using spreadsheet calculations, they are examined based on a MODELICA [24] simulation model. Influences on the efficiency of air-source HPs that cannot be included in spreadsheet calculation (i.e. heat sink temperature and control scheme) were not analysed within this study due to the lack of a validated model. For an overview of the applied methodologies, please refer to the following Table 3 .
In the following, the model used for geothermal and groundwater HPs is described briefly. All relevant components are depicted in Fig. 1 and commented separately.
The heat source is integrated in the simulation by implementing different temperature scenario curves according to the data published by Miara et al. [57] . Best-case, average, and worst-case scenario curves for collector, soil sensor and groundwater pumps were derived and used within our model. Pump 1 delivers the design soil or water volume flow (3)). The application of a more detailed building model was found to be unsuitable because the calculation scheme should be approximated as closely as possible. The heat load curve was parameterized to agree with the design heat output of the HP at design temperature [19, 71] . HT was set to 16°C as defined within the regulations. For the simulation runs with low heat sink temperature level representing floor heating, the thermal inertia of the floor screed was included in the model. The outdoor temperature was determined according to the TRY_07 [23] as this represents the reference climate very closely (see Fig. 2) .
For all analyses shown in the following, the seasonal energy efficiency η s simulation , is calculated as follows: 
Here, the beginning of the heating season t beginning is defined as October 1 and the end t end is set to March 31. The step length dt lies within the range of seconds. The term + H P H P ( * *
SB SB
CK CK ) is added in the denominator in order to account for the electric energy consumed during non-operating hours (see Eq. (5)). Because of lacking data, realistic values of 10 W for standby and 15 W for crankcase heater demand were assumed. 3 The standby and crankcase heating hours H SB and H CK were taken from European Commission [26] . The described simulation model was validated using sensitivity analysis and tested under labelling conditions. When applying the label calculation scheme's conditions for heat source and heat sink temperature, η s,simulation yielded just one percentage point lower than η s,label (189%). Therefore, the simulation setup according to the labelling conditions can serve as baseline for the regarding analyses.
Results
Within this section, the results achieved by applying the methods as described above are demonstrated. The following paragraphs are structured according to single EE influencing factors as elaborated in Section 2. 
Local conditions (microclimate)
The first aspect to be investigated more closely is the influence of microclimatic deviations from the standard reference climate. Fig. 2 shows the aggregated hours per heating season of a certain outdoor temperature for different regions within Germany based on test reference years (TRYs) published by DWD [23] . Furthermore, the reference climate used in the calculation method is depicted. For Germany, the middle temperature reference zone of the ErP labelling procedure applies.
Using different TRYs within Germany for comparison, one can observe several deviations from the reference climate. Especially the conditions in the alpine foreland are not reflected precisely by the reference climate. Applying the TRYs for a spreadsheet calculation based on the example shown in Table 1 and using the standing losses as published by Genkinger and Afjei [39] , we receive the results depicted in Fig. 3 . In comparison to the efficiency achieved for the reference climate, substantial efficiency losses of up to 23% are revealed for the alpine foreland.
Insulation and heating threshold
The second issue that is investigated using spreadsheet calculations is the influence of the insulation standard and the heating threshold temperature. The reference HT is set to 16°C neglecting effects of better insulated buildings. Fig. 4 illustrates heat load curves of buildings with different insulation standards but the same nominal heat load of 11.45 kW at design temperature (− 10°C) assuming linear behavior according to the regulations. This assumption implies the neglect of temperature differences between different rooms within the building as well as weather influences such as wind velocities and solar gains but it does include all relevant heat losses due to transmission and ventilation according to Huchtemann et al. [45] .
When applying different heat load curves according to the considered insulation standards to the calculation scheme, the seasonal energy efficiency η s drops for lower HTs. As an example, the difference in EE sums up to 24% comparing passive house standards to the reference case (Fig. 5 ).
Sizing and bivalent point
The third aspect to be analysed using spreadsheet calculations is the choice of bivalent temperature. This choice directly represents the sizing of the HP in comparison to heat demand. The smaller the HP is designed, the higher the bivalent temperature. Within the test procedure, the bivalent point is chosen arbitrarily and displayed on the label. However, deviations from the tested bivalent point are possible for real working conditions. Fig. 6 displays the EE received for different bivalent temperatures.
Local conditions (soil temperature/texture and method of exploitation)
The first efficiency influence on geothermal and groundwater HPs to be investigated using the MODELICA simulation model described in Section 3 is the impact of different heat source temperature curves as measured by Miara et al. [57] . These curves reflect differences between the methods of exploitation and the influences of local soil texture and temperature level (Fig. 7) . The application of the mean source temperature curve on the simulation model led to the result that efficiencies achieved under real working conditions are 32% higher for collector HPs and 59% higher for soil sensor HPs than under labelling conditions.
The analysis of the best-case and worst-case heat source curves representing the best and worst conditions regarding soil texture and 
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ground temperature level within Germany violate the approach of investigating all effects separately. However, the coaction of soil texture, ground temperature and possible heat extraction is represented best when analyzing the effects together. Moreover, the data provided by Miara et al. [57] does not allow for a separate investigation. The study of the best and worst-case conditions led to the findings as shown in Fig. 8 . The deviations from the mean conditions caused by differences in soil texture and temperature level sum up to + 25% for best-case and − 25% for worst-case conditions for all geothermal and groundwater HP types. However, one can see in Fig. 8 that the labelling calculation method is designed conservatively enough not to overestimate the HP's efficiency even under worst-case conditions.
Heat sink
The next effect that was investigated in detail is the influence of the heat sink temperature level. Again, two effects were mixed. The higher thermal inertia of floor heating systems was implemented for low temperature heat sinks as a separate analysis does not reflect real conditions. Particularly the coaction of heat source and heat sink temperature was analysed leading to the results depicted in Fig. 9 .
Two effects can be observed in Fig. 9 : first, efficiency drops with increasing heat sink temperature level. This impact is well known and has already been included in the EU calculation methods. Second, and even more important, the relative efficiency loss increases for higher source temperatures, meaning that a higher heat sink temperature has bigger negative influence on overall efficiency when source temperature is high, although the absolute efficiency is better with a high source temperature. This fact is neglected in the EU calculation scheme. However, the efficiency drop is significantly higher for groundwater HPs in comparison to collector HPs.
Control strategy
The last influence factor that was analysed using the simulation model is the impact of buffer storages and control methods. Buffer storages can be used for different operation methods: they can 1) serve as an hydraulic separator to split the different water circles and 2) be used to reduce the amount of on-off-cycles or 3) to realize more complex control algorithms, e.g. for dual-rate tariffs. For the first and second case, no significant impact on the seasonal efficiency could be noticed based on the simulation model, as can be seen in Fig. 10 .
The pure oversizing of the buffer storage led to decreasing amounts of cycles per day but did not change the efficiency significantly. For this reason, neglecting installed buffer storages within the EU labelling scheme seems justified.
When applying a control method to make use of dual-rate tariffs (as often offered to HP owners), the results do however reveal significant influences. In order to simulate real working conditions, a control method as recommended by the manufacturer was implemented: the buffer storage's set temperature was increased during the early morning hours to make use of the lower night tariff and determined according to the usual heating characteristics [74] . The set point temperature chosen here was 45°C (i.e. 10 K above the maximal floor heating temperature of 35°C). Fig. 11 depicts the resulting HP's behavior by illustrating the electric consumption of the compressor during an average day for two different buffer storage sizes.
One can see that energy consumption can be shifted towards hours with lower prices by the implementation of the price-oriented control method (especially for the big storage with a volume of 1000 l). For the whole season, the share of energy consumed during high tariff phases can be reduced from 49% to 37%. However, this also leads to decreasing EE in comparison to a heating characteristic based control scheme as summarized in Fig. 12 . It needs to be noticed that the Fig. 7 . Heat source temperature curves, data extracted from Miara et al. [57] . 
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efficiency still yields values higher than indicated by the label. Although this method is frequently recommended by manufacturers and applied very often for real HP systems, our economic analysis based on tariffs according to FairEnergie GmbH [35] and Neckermann Strom GmbH [60] indicates increasing instead of the anticipated decreasing costs of ca. 40 EUR (i.e.~8%) per year in the case of Germany. This increase in cost by implementing a simple dual-tariff based control method is caused by two factors: first, the drop in EE as shown in the previous section and second, the tariff structure. The dual-tariffs analysed within this paper require higher base prices than traditional tariffs and do not offer a sufficiently large price spread to compensate for this. For a more detailed description of the economic consequences of price- 
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based controls, please refer to Nolting and Praktiknjo [61] . Asymmetry of information between customers and electricity providers can explain the implementation of a control scheme as analysed above.
Discussion
Within the next paragraphs, the results shown above are contextualized and their implications for the labelling procedures are derived.
One might argue that the results shown in this paper are based on example calculations only and therefore have limited generalizability. The analysis does however include influence factors that are completely neglected within the calculation scheme. The impacts on air-source and geothermal/groundwater HPs investigated here are given for any HP device as the basic functionality does not vary between different HP systems. This supports the general validity of the results within this study. Also, it can be claimed that labelling schemes will never reach the same level of accuracy as detailed simulation models. Necessary simplifications will always lead to distortions. Yet, an adequate balance needs to be struck between simplifications on the one hand and the information content of labels on the other. The inherent inaccuracy of labelling schemes does not serve as an argument for the complete neglect of important influence factors. Furthermore, it might be objected that all effects shown were based on data covering Germany, not Europe. However, all effects investigated within this study would increase if a bigger local scope was applied. The microclimatic differences as well as the soil temperatures differ much more for larger distances. For this reason, the results shown in this manuscript rather reflect a lower bound of deviations.
The structure of the following paragraphs accords with the order of Section 4, starting with the influences on air-source HPs followed by the impacts on geothermal and groundwater HPs.
Local conditions (microclimate)
The substantial efficiency loss of 23% in comparison to the label value that was revealed by the application of climate data for the alpine foreland (see Fig. 3 ) is based on two main causes: first, temperatures within the alpine foreland drop below − 10°C (see Fig. 2 ). As this is below the HP's TOL, it cannot deliver any heat output and the demand is covered by the immersion heater. Second, the majority of hours is shifted towards lower temperatures leading to bigger influence of times with lower COPs. In contrast, the conditions in central areas of Germany are reflected quite accurately by the average reference climate (see Fig. 2 ) leading to minor efficiency deviations. The EE based on north coast climate occurred to be 5% higher than based on the reference case. This is caused by the higher amount of hours within the "sweet spot" (i.e. the conditions with the highest COP) of the HP. Therefore, the average SCOP increases. One needs to keep in mind that only about 6% of Germany's inhabitants live within the area of TRY_07 (central areas). 1% of the German society lives within the area of TRY_01 (north coast) and another 2% within the area of TRY_15 (alpine foreland). 4 Overall, this means that 6% of the German population is located in areas that are reflected by the middle temperature zone quite accurately, whereas 94% live in areas with efficiency deviations from the label value between − 23% and + 5%. In order to mitigate these deviations, smaller sized climate regions are required. For the case of Germany, an assessment based on the TRYs would be more appropriate for the purpose of label assignment.
Insulation/HT
At first glance, the results achieved when applying a steeper heat load curve appear counterintuitive as high insulation standards are usually linked to high EE. However, in the case of air-source HPs, lower HTs lead to a shift of the operation hours towards times with lower outdoor temperatures leading to lower COPs. For this reason, η s is lower for better insulation standards on a very significant level, although absolute energy consumption is lower. As the efficiency is however defined to be the ratio of covered heat load and consumed electricity, η s drops. For this reason, we recommend that efficiency values for different HTs should be calculated and presented on the labels of airsource HPs. This becomes especially important, as the high HT of 16°C chosen within the EU labelling procedure doesn't reflect the actual HT of new buildings within Europe. According to EU Parliament [25] , new buildings need to fulfill high insulation standard requirements. As HPs are usually installed within new buildings, their lower HTs should be applied to the EU label calculation.
Sizing/bivalent point
As depicted in Fig. 6 , EE depends on the bivalent temperature in non-linear way. This approximately quadratic curve conforms to the findings of Dongellini et al. [22] and Klein et al. [50] . An optimal efficiency peak can be identified at − 4°C. The lowest efficiency can be observed for a high bivalent point of + 2°C causing η s to decrease by 20% compared to the highest value. The nearly quadratic distribution can be explained by two opposing effects: on the one hand side, lowering T BIV diminishes the immersion heater's operation hours and thus leads to increasing EE. On the other hand side, lowering T BIV is equal to oversizing the HP and therefore causes low part loads and decreased COPs. Bagarella et al. [4] argue that the interdependency of HP sizing and efficiency is complex. For this reason, the choice of T BIV = −4°C cannot be claimed to automatically lead to an optimal state for all airsource HPs at any location. As the optimal bivalent point can be deduced from the labelling scheme in a simple way, we recommend to convey this information to the customers. Based on this, they can choose the optimal HP size for their dwelling. 
Local conditions (soil temperature/texture and method of exploitation)
For the case of geothermal and groundwater HPs, the results indicate a general superiority of efficiencies achieved under real working conditions (see Fig. 8 ). This is due to two main reasons: first, the actual average temperature level of the heat source is higher than assumed within the test framework of the labelling procedure (see Fig. 7 ). And second, the HP's output temperature is lower under real working conditions according to the standard control scheme. This effect accounts for 14% of the aforementioned efficiency increases. Therefore, the test measurement point for brine HPs underestimates the average source temperature within Germany and overestimates the average HP output temperature level leading to a rather conservative estimation of the HP's efficiency. More accurate estimates of soil conditions are needed to diminish these deviations. 5 Analyzing the impact of different heat source temperature curves on EE revealed that the efficiency differs noticeably between soil sensor and collector HPs. For this reasons, different labels for different heat source types are highly recommended. Furthermore, the measurement of only one heat source temperature level for geothermal and groundwater HPs does not reflect real working conditions. Therefore, more measurement points should be defined for these HP types.
Heat sink
The introduction of different labels for collector and soil sensor HPs would also enable the inclusion of the coaction of the temperature levels of heat sink and heat source. This interaction can be traced back to the Carnot efficiency curves' divergence for higher source temperatures and needs to be included in the labelling process.
Control strategy
The last influencing factor we investigated concerns dual-tariff based control methods. Significant efficiency losses were indicated. However, the effects shown in our results would even increase for the case of air-source HPs. A shift of operation hours towards night would decrease the heat source temperature and thus cause additional EE losses. As simple price based control methods are commonly applied for real HP systems, their influence should be included in the labelling procedure. This creates the need for more specific control method descriptions than the temperature sensor classes as implemented in the current version of the EU label calculation scheme. In addition, the question appears, whether different operational strategies and their influence on EE can be assigned to one HP unit, as the actual strategy is chosen by the customer. There is obvious need for further research in order to answer this question and to assess the efficiency impacts of different, price-driven control strategies.
Conclusion
Our investigation of main deviations between the EU labelling calculation scheme and efficiency influencing factors known in scientific literature demonstrated some substantial gaps. However, for the case of geothermal HPs, the efficiency η s,simulation always yielded values higher than the efficiency resulting from the labelling scheme η s,label . Therefore, the labelling method can be claimed to be conservative enough not to overestimate the HP's efficiency under real working conditions. On the other hand, for the case of air-source HPs, significant efficiency overestimations were shown. Overall, a band of uncertainty around label values of + 80% to − 24% was discovered. The analysis conducted within this manuscript is based on single deviation factors, hence their coaction will lead to even higher differences between real efficiency and the label value.
Our results show that a HP device with higher label value does not necessarily have higher efficiency under real life conditions. Especially in the case of geothermal HPs, the measurement in only one operation point creates incentives for manufacturers to tailor their HPs for very good label efficiency values in this point and put less effort into the improvement of the HP's real efficiency in other operation points. Furthermore, an air-source HP that is operated under poor conditions will not achieve the efficiency promised by the label. According to our results, a device with worse label value implemented by craftsmen with a perfect operation strategy will possibly reach higher efficiency.
The aim of reducing information asymmetries and creating incentives for consumers to buy more efficient devices can only be reached if precise information is given. Based on this information, paired comparisons can lead to reflective customers' choices ( [12] : p. 37). For this reason, it is necessary to improve the accuracy of the label calculation scheme based on our results. It needs to be ensured that the information conveyed by labels facilitates an evaluation of devices regarding EE.
In order to implement our recommendations for improved labelling accuracy (see Section 5) , detailed knowledge about local conditions, the building's composite system equipment and insulation standard as well as about the implemented control strategy is required. This means that an exact label cannot be assigned to a HP unit per se, but rather to a HP unit within its operation as composite system and its interaction with the integrated surrounding.
For this reason, we suggest two approaches for further improvement of the labels' accuracy: first, the expanded knowledge of local HP distributors about their customers and the real working conditions of the HP should be used for the labelling procedure. Second, an online tool can serve as possibility for customers to rate the composite system according to their actual working conditions. Both approaches will lead to more accurate labels and thus enable profound customers' choices with regards to the EE of the composite system.
